Introduction
Cytochrome c peroxidase (EC 1.11.1.5) from Pseudomonas aeruginosa (PsCCP) catalyzes the oxidation of ferrocytochrome c 551 and azurin (Cu l ) by peroxide in a reaction resembling that catalyzed by cytochrome c peroxidases from yeast (YCCP) and horseradish (HRP). The likely function of these enzymes is to protect against the build-up of toxic peroxides. The bacterial enzyme, however, differs from the yeast and horseradish peroxidases in that it does not require a stable free radical for catalysis and instead uses two haem c groups [1] covalently attached to a single polypeptide chain to store the two oxidizing equivalents in the high-energy high-oxidation (compound I) form of the enzyme. A number of studies have demonstrated substantial differences between the two haem centres of PsCCP. The midpoint potentials of the two haems lie 650 mV apart at +320 mV (highpotential haem) and -330 mV (low-potential haem) [2] , the latter value being similar to the redox potential of other peroxidases. This indicates that the low-potential haem centre is the site of hydrogen peroxide reduction.
Whereas the ferric form of mono-haem peroxidases reacts rapidly with hydrogen peroxide to generate the relatively stable FeIV ferryl oxidation state, fully ferric PsCCP does not react with hydrogen peroxide. We have shown that PsCCP is potentiated for reaction with hydrogen peroxide when the high-potential haem group is reduced, an event which results in the low-potential haem shedding a histidine ligand to become high spin [3] . We have further characterized the activation and catalytic cycle spectroscopically [4] and kinetically [5] . Figure 1 shows the major steps in the reaction.
In order to store the two equivalents of oxidizing capacity available from peroxide, single-haem proteins generate an oxyferryl group and also use non-metal-based centres. In HRP, an electron is removed from the porphyrin ring to form a haem radical [6] , whilst in YCCP a semi-stable radical is formed on a tryptophan residue [7] [8] [9] [10] . The presence of two haem c groups per unit molecular weight in PsCCP obviates the need for stabilizing a radical species in the mechanism, and allows a faster than usual turnover for the enzyme. The nature of the low-potential haem pocket of PsCCP has been investigated using nanosecond laser photolysis of a range of ligands [11] . Three straight-chain isonitriles show about 50% geminate recombination with half-times of the order of 10 ns. t-Butyl isonitrile shows more and faster recombination. These results imply considerable freedom of movement within the active site for the smaller ligands.
Here we present the first three-dimensional structure of a di-haem cytochrome c peroxidase. The enzyme was isolated from P? aeruginosa and the structure was solved in its fully oxidized ferric-ferric form at 2.4 A resolution.
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Fig. 1.
Major steps in the activation and catalytic cycle of cytochrome c peroxidase from P. aeruginosa. The scheme is based on results from biochemical and spectroscopic studies [4] . The enzyme can accept electrons from both ferrocytochrome c 551 or azurin(Cut).
Results and discussion
The primary structure of PsCCP was originally determined from cyanogen bromide fragments, and reported to contain 302 amino acids [12] . Electrospray ionization mass spectrometry subsequently revealed that the molecular weight was 2600 Da heavier than that calculated from the published primary amino acid sequence.
Because of substantial peak profile broadening, this was first interpreted as indicative of protein glycosylation [13] , although subsequent chemical analysis could not confirm this. Detailed electron density analysis suggested the presence of an additional loop consisting of approximately 20 amino acids close to one of the cyanogen bromide cleavage sites. Translation of the gene sequence [14] confirmed the insertion of 20 residues and revealed further minor errors in the original protein sequence (Fig. 2) .
Architecture of the molecule
The crystal structure of the di-haem PsCCP was determined by multiple isomorphous replacement (MIR), and has been refined against diffraction data to 2.4 A Bragg spacings (Table 1, Figs 3,4a) . The protein molecules form dimers both in solution [13] and in the crystal (Fig. 4b) , and the crystallographic asymmetric unit contains a monomer. The buried surface area between the monomers is 1277 A 2 (8.3% of the surface area of the monomer). The subunit interactions are mainly hydrophobic, involving residues 39-66 and 303-321. The side of the high-potential haem domain opposite to the dimer interface is also hydrophobic but is exposed to the solvent. The high-potential haem pierces this surface and is accessible from the solvent (Fig. 4b) .
The monomer is organized into two structurally distinct domains around the two haem centres (Figs 3 and 5a,b) . A pseudo-twofold axis runs across the molecule, mapping the two haems on each other together with helices ao2, ar4, oa7 and strand 13 onto 9, a10, all and strand 35, respectively. The surface area buried between the two domains is 1326 A 2 (8.7% of the surface area of the monomer), similar to the buried area between the two monomers. The domain interface is hydrophobic and holds an unexpected calcium-binding site with unusual ligation properties. Part of the interface contains those amino acids (residues 76-95) which were missing from the originally determined protein sequence, and includes one of the three protein ligands of the calcium (Asn79).
Domain structure
Both domains of PsCCP resemble the structure of class 1 c-type cytochromes for which many structures are known, including those of tuna cytochrome c and cytochrome c 551 from 1? aeruginosa [15] (Fig. 5 ). Both the three-dimensional arrangement and connectivity of the major helical elements are very similar: oc2 and o9 correspond to the N-terminal helices, and a7 and oxl 1 correspond to the C-terminal helices of class 1 c-type cytochromes. However, both domains are somewhat larger than usual cytochromes, containing additional ot helices, strands and loops.
Low-potential haem domain
Residues 17-164 form the N-terminal domain, containing the low-potential haem (Fig. 5a ). Residues 51-55 correspond to the sequence fingerprint (Cys-X-Y-CysHis) for the c-type cytochromes. The crystallized enzyme is in the fully oxidized state and shows that the lowpotential haem iron has two axial ligands, in agreement with spectroscopic measurements [4] . Both ligands are histidines (His55 and His71; Figs 5a,6a), as in the c-domain of cytochrome cd 1 nitrite reductase [16] . The immediate environment of this haem is predominantly hydrophobic. In c-type cytochromes, a proline residue is positioned so that its peptide carbonyl forms a hydrogen bond with the hydrogen on the N8 atom of the histidine coordinated to the haem iron and acts to orient the histidine ring. Both histidines of the low-potential haem interact via similar hydrogen bonds with a proline: His55 with Pro81, and His71 with ProlO08 ( Fig. 6a ).
For catalysis to take place, one of the two histidine ligands must leave the low-potential haem iron to allow peroxide binding. His55 is unlikely to leave because it is buried and positioned next to Cys54 which covalently links the haem to the protein in a rigid structural unit. His71, on the other hand, sits on the tip of a flexible loop (residues 67-78) on the accessible surface of the molecule, not far from the crystallographic dimer interface (Fig. 4b ). This arrangement suggests that His71 is likely to be the ligand that leaves the haem prior to catalysis. Activation of the enzyme might be coupled to domain movement controlled by changes in the spin and oxidation state of the two haems, as has been suggested for cytochrome cd 1 [16] . Further rearrangements may be required around the active site as there are no charged residues in the haem pocket. This is in contrast to YCCP where Arg48 and His52 are in the haem pocket and play a role in catalysis [7, 10, [17] [18] [19] [20] . Once
His71 has been removed as a ligand to the low-potential haem iron it may then serve to polarize the oxygen-oxygen bond of the peroxide molecule and may also permit the entry of other residues to the haem pocket. The inactive oxidized enzyme form and compound II are isoelectronic but the iron ligands are likely to be different (Fig. 1) . We postulate that rebinding of His71 to the haem iron is a slow process. This interaction is reminiscent of the His-Pro interactions at the low-potential haem (see also text). His261 is believed to be involved in electron transfer between the two haems (see Fig. 7b ).
High-potential haem domain
Residues 165-302 form the C-terminal domain, containing the high-potential haem (Fig. 5b) , the site of electron entry from donors [4] . The haem is attached to residues Cys197 and Cys200, and has histidine (His201) and methionine (Met275) ligands (Figs 5b,6b ), similar to class 1 cytochromes c (Hisl8 and Met80 in tuna cytochrome c). The environment of the haem pocket is predominantly hydrophobic. The position of Pro249 is conserved in cytochromes (Pro30 in tuna cytochrome c).
The direction of the chain containing this residue is opposite to that found in c-type cytochromes, putting the main-chain carbonyl of the adjacent alanine residue (Ala248) within hydrogen-bonding distance of the hydrogen on the N8 atom of His201. This interaction maintains the correct orientation of the histidine ring to the haem iron. Residues 223-228 are disordered and were not included in the final model. Although these residues are the target for proteolytic cleavage by Pseudomonas elastase [21] , we believe that the molecules are intact in the crystal because dissolved PsCCP crystals produce a single band when analyzed by SDS-PAGE. Clipped molecules lose their activity and do not form crystals.
Domain-domain interactions
The two domains are connected by three lengths of extended chain (Fig. 3) : residues 1-19, 160-169 and 296-323 (see Fig. 2 ). In addition to the connecting polypeptide chains, the domains within a molecule interact in two different ways. First, the interface region involves many hydrogen bonds between the two domains, with 33 from the low-potential haem domain forming a three-stranded antiparallel sheet with 37 and 34 from the high-potential haem domain. Second, and unexpectedly, the interface holds a calcium site.
Metal-binding site
The available evidence suggests that the bound ion is calcium and its location in the overall structure is shown in Figure 3 , with details of the binding site in Figure 7a . Crystals of the enzyme were obtained from a low ionic strength buffer without the explicit addition of calcium [13] and no calcium was added during protein purification. By modelling the full complement of Ca 2 + electrons, F-F c electron-density maps became flat in this region. Moreover, F-F c omit maps exhibit very strong difference density at the presumed calcium site, similar to the phase-improved MIR maps used for model building. Finally, all the ligands are oxygen atoms and there are seven of them in a pentagonal bipyramidal arrangement, reminiscent of calcium sites in other proteins.
What is rather unusual, but not completely unprecedented, is the absence of any negatively charged residue coordinated to the calcium. An ASSAM search [22] of the Brookhaven Protein Data Bank [23] showed a hexacoordinated calcium with somewhat similar ligation in human phospholipase A 2 [24] . In the case of PsCCP, the seven ligands are the amide oxygen of Asn79, the mainchain carbonyls of Thr256 and Pro258 and four water molecules. The water molecules could be clearly located in difference density maps. The nearest carboxylate to the calcium ion is one of the propionates of the high-potential haem centre whose oxygen atoms form hydrogen bonds to two bound water ligands (Figs 6a,7a) . Although the significance of calcium to PsCCP activity has not been reported, it is known that calcium ions are important for activity in HRP [25] and in the di-haem Paracoccus cytochrome c peroxidase [26] . They also play an important role in maintaining the integrity of the active site of lignin peroxidase [27] . The calcium ion in PsCCP is located at the interface between the two haem domains. The likely function of this site is to maintain the structural integrity of the enzyme and/or to permit allosteric regulation through the fine-tuning of the haem redox potentials across the interface. The lack of compensating negative charges around the calcium ion may have a functional significance in modulating electron transfer rates between the two haem domains.
Haem position and environment
The two haem groups are located in the hydrophobic pockets of the two domains. They are perpendicular to each other and separated by an iron-iron distance of 20.9 A. One of the propionates of one haem points towards that of the second. The shortest distance between the two haems is via these propionates (9.6 A). The closest iron-iron distance between symmetry-related monomers in the dimer is 26.7 A.
Electron transfer between groups separated by more than 10 A is possible in proteins [28] . An electron-tunnelling theory has been developed to explain these transfers [29] [30] [31] . The theory supports the suggestion that transfer of electrons from the donor to the acceptor may involve several jumps between the orbitals of the separating atoms. Jumps through covalently or hydrogen bonded atoms are more likely than between nonbonded atoms. The ease of electron transfer is governed by the chemical properties of the intervening residues and the medium in the following order: aromatic amino acids > non-polar aliphatic amino acids > polar amino acids > water [32] .
Within the framework of this theory, we suggest four possible routes for electron transfer from the high-potential haem to the low-potential haem (Fig. 7b) . The first path runs from His201 of the high-potential haem via the protein backbone (between residues Ala248-Arg246) to reach the low-potential haem propionate. The second path is from one of the high-potential haem propionates via the calcium ion and the protein backbone (residues Asn79-Pro81) to reach His55 of the low-potential haem. In the third path, His261 connects the other propionate of the high-potential haem with Asn79 to join the second path. The shortest distance between the two haems (9.6 A) is via the two haem propionates and runs through Trp94 which lies in the same plane as the highpotential haem, perpendicular to the low-potential haem. The position of this tryptophan is conserved among the mitochondrial cytochromes c (e.g. Trp59 in tuna cytochrome c) and in most class 1 cytochromes c [15] . A tryptophan residue has been proposed to act as an electron transfer mediator between putidaredoxin and cytochrome P-450cam [33] . Similarly, the shortest straight line between the two haems in the YCCP-cytochrome c complex runs through Trpl91 [34] . In the case of PsCCP, the shortest and most direct route of electron transfer is via Trp94 (Fig. 7b) . This is therefore likely to be the major line of communication between the two haems. The peptide nitrogen of Trp94 is within hydrogen-bonding distance of the propionate of the low-potential haem. Note that the orientation of the haems in the YCCP-cytochrome c complex and in PsCCP is different.
Relationships with other proteins
The structure of PsCCP is similar to that of the membrane-associated di-haem cytochrome c 4 . Cytochrome c 4 of P? aeruginosa is also a two-domain molecule, each domain containing a covalently bound c-type haem and resembling the class 1 cytochrome fold (see [15] ). The two haems in cytochrome c 4 also differ spectroscopically and possess different redox properties. In both PsCCP and cytochrome c 4 , the two domains are connected by a long polypeptide chain and related by a rotation of -180°. Another protein of similar domain structure and symmetry is the cytochrome subunit of flavocytochrome c sulfide dehydrogenase [35] . The two haems in this cytochrome are linked by hydrogen bonding through a pair of propionic acids. All these di-haem cytochrome c molecules might have evolved from mono-haem cytochromes through gene duplication accompanied by gene fusion. Although the cytochrome domains of these molecules exhibit class 1 structure, there is no similarity between their sequences. The structure described in this paper is that of the inactive, fully ferric form of the enzyme, which does not react with hydrogen peroxide. For catalysis to begin, a half-reduced functional form of PsCCP needs to be created. In the inactive fully ferric form of the enzyme, the low-potential haem has two histidine axial ligands (His55 and His71) and the high-potential haem is ligated by His201 and Met275. There are no polar residues at the peroxidatic, low-potential haem site in the inactive enzyme. The structure suggests that in the halfreduced functional form of the enzyme, the lowpotential haem has to shed His71 in order to create a functional peroxidatic site and make the enzyme catalytically competent. This process is likely to trigger a reorganization of the active site, and may introduce new residues into the haem pocket.
Biological implications
Both domains of PsCCP are folded in a manner typical of class 1 cytochromes c, possibly indicating that the molecule arose through gene duplication. However, no similarity exists between the amino acid sequences of the two domains, supporting the generally accepted notion that the three-dimensional structures of proteins evolve more slowly than their amino acid sequences. Although the enzyme shows some similarity to the membrane-bound di-haem cytochrome c 4 of P aeruginosa and to the cytochrome subunit of flavocytochrome c sulfide dehydrogenase, the orientation of the haem groups and the likely electron transfer paths for these proteins are very different.
Materials and methods
PsCCP was crystallized as described by Flop et al. [13] . Crystals belong to the trigonal space group P3 1 21 with cell dimensions a=b=113.9 A, c=72.0 A, and there is one molecule in the asymmetric unit. The solvent content of the crystals is 61% by volume. Crystals diffract to about 2.4 A Bragg spacings at room temperature using synchrotron radiation.
Data collection and preparation of heavy-metal derivatives
Native data to 2.4 A resolution were collected using 1.00 A radiation at station 9.5 (18 cm diameter MAR Research image plate detector) at the SERC Synchrotron Radiation Source, Daresbury, UK. Data were processed using DENZO and its companion program SCALEPACK [36] . Heavy-metal derivatives were prepared by soaking crystals in solutions of heavymetal compounds in a synthetic mother liquor overnight. Soaked crystals very often cracked or suffered from non-isomorphism with a typical 2-3 A shrinkage in the crystallographic c direction. None of these crystals diffracted X-rays beyond 4 A resolution. All potential derivative data were collected on a Siemens (Xentronix) area detector using CuKot radiation supplied by a Rigaku rotating anode generator operating at 60 kV, 60 mA. Derivative data were integrated with XDS [37] , and further processing was done with the CCP4 package [38] .
Phase determination
Three out of about 40 different soaks produced useful derivatives. The major heavy-metal sites for each derivative were located by analysis of isomorphous difference Patterson maps; subsites were found by difference Fourier syntheses. Heavyatom parameters were refined using the program MLPHARE [39] . The mean figure of merit for acentric/centric phases to 4 A was 0.54/0.72. Table 1 summarizes the data collection and phasing statistics. The MIR phases were improved by solventflattening and histogram-matching techniques using the CCP4 suite of programs (program DM [40] ), and extended to a resolution of 3.5 A in an iterative process.
Model building and crystallographic refinement
Skeletonized maps [41] were calculated for chain tracing.
Although the phase-improved map at 3.5 A resolution showed good connectivity, it lacked details in many places. Starting from the two haem-binding Cys-X-Y-Cys-His motifs, it was possible to fit about 80% of all protein atoms to the density using the program O [42] . The partial model was subjected to refinement with X-PLOR [43] . The crystallographic R-factor for the initial model was 44.5% and was reduced to 27.5% (free R-factor 33.9%, [44] ) in one round of energy minimization and simulated annealing. Further model building and refinement were pursued with alternate cycles of manual refitting using O and simulated annealing with X-PLOR. When the free R-factor did not decrease any further, water molecules were added to the atomic model at the positions of large positive peaks (>3.5o) in the difference electron density, only at places where the resulting water molecule fell into an appropriate hydrogenbonding environment. At the final stages, restrained isotropic temperature factor refinements were carried out for each [45] . There is only one outlier in the Ramachandran plot, Phe260 (b=71°,lj=159°), which is located in the hydrophobic environment of the high-potential haem centre. Coordinates have been submitted to the Brookhaven Protein Data Bank. Figure 2 was produced with ALSCRIPT [46] . Figures 3 and 5 were drawn by MOLSCRIPT [47] modified by R Esnouf and rendered with Raster3D [48] . Figures 4, 6 and 7 were prepared using XOBJECTS (MEM Noble, unpublished program).
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